ABSTRACT: Craniometrical data of male and female skulls collected from 1974 to 2007 were used to test the hypothesis that the somatic growth of South American sea lions Otaria flavescens in northern Patagonia has been affected by a reduction in the per capita food availability, due to a combination of the population recovery after cessation of sealing and the development of industrial fishing targeting Argentine hake Merluccius hubbsi. Most of the 19 craniometric variables considered decreased through time in both sexes, and the same trend was found for a variable extracted by means of principal component analysis that was related to skull volume. Most of the reductions in skull size and volume have happened since 1990, when the sea lion population peaked and the hake population collapsed. This evidence, combined with a review of supplementary data derived from stable isotope analysis, supports the hypotheses that the somatic growth of South American sea lions is densitydependent and that industrial fishing has reduced the carrying capacity of the ecosystem for South American sea lions. 
INTRODUCTION
Density dependence is the very core of classic population ecology (Rockwood 2006) , but testing for its presence in wild marine vertebrate populations has been extremely difficult. Although in some cases populations are actually well below carrying capacity and growth and demographic parameters are independent of population size (Doherty 2002) , the most common situation is the inability of researchers to carry out the experiments required to test the predictions of density dependence (Hixon & Webster 2002) . Nevertheless, the past and present massive exploitation of large marine vertebrates (Myers & Worm 2003 , Lewison et al. 2004 ) offers the possibility of studying the response of these species to dramatic changes in population size. Changes in demographic parameters will often be impossible to document in the absence of data about the pre-exploitation period, but museum collections offer an opportunity to test predictions about the impact of population size on somatic growth.
Many otariid species were hunted to the brink of extinction throughout the 19th and 20th centuries due to commercial exploitation for their pelts and fat (Bonner 1982) . After cessation of hunting, some species quickly recovered but others failed to do so, mainly in the Southern Ocean and adjoining regions (Trites 1992 , Wickens & York 1997 , Gerber & Hilborn 2001 , National Research Council 2002 , Costa et al. 2006 . At least one of these species, the northern fur seal Callorhinus ursinus, exhibited strong density-dependent somatic growth during the recovery period that followed cessation of hunting (Scheffer 1955 , Etnier 2004 . A similar pattern has been suggested for male Antarctic fur seals Arctocephalus gazella in South Georgia, on the basis of the reduced width of tooth annulus in individuals from recent years (Hanson et al. 2009 ). On the other hand, reduced body size in Steller sea lions Eumetopias jubatus through the 1980s has been hypothesised to be the result of nutritional stress caused by changes in the ecosystem (Trites & Donnelly 2003) .
The South American sea lion Otaria flavescens was heavily exploited in the south-western Atlantic Ocean from the 1920s to the 1960s (Godoy 1963), with populations reduced to less than 10% of their original number by the time exploitation ceased (Crespo & Pedraza 1991 , Reyes et al. 1999 , Schiavini et al. 2004 . In Argentina, the recovery of the population only began in the early 1990s, after 3 decades of stagnation (Crespo & Pedraza 1991 , Reyes et al. 1999 , Schiavini et al. 2004 , and now the population is about one third of the original size (Reyes et al. 1999 , Dans et al. 2004 , Schiavini et al. 2004 . Drago et al. (2009a) reported an increased reliance of South American sea lions on offshore, pelagic prey since the 1970s, probably because of increased intraspecific competition at benthic foraging grounds as the population grew, which forced them to exploit more distant foraging grounds. Furthermore, Drago et al. (2009a) pointed out that massive fish discards by bottom trawlers, mainly undersized Argentine hake Merluccius hubbsi, may have resulted in increased accessibility to this particular demersalpelagic species. Although pelagic potential prey have a higher nutritional quality than benthic potential prey (Eder & Lewis 2005 , Drago et al. 2009a , the stock of Argentine hake has declined dramatically since the development of industrial fishing (Lloris et al. 2003 , Koen Alonso & Yodzis 2005 and the Magellanic penguins Spheniscus magellanicus, a potential competitor for small schooling fishes (Thompson 1989 , Thompson et al. 1998 , Schiavini et al. 2005 , are now more abundant than ever (Carribero et al. 1995 , Schiavini et al. 2005 . These aforementioned factors raise some doubts about the prospects for the recovery of the South American sea lion population because the carrying capacity for the population in this new, highly anthropogenized ecosystem might be much lower than it was before the development of industrial fishing.
Assessing changes in the body size of South American sea lions throughout the 20th century is one possible way of understanding the correlations between somatic growth and the effects of limiting factors such as population density and prey availability, since mammal adult body size is positively correlated with food availability before puberty (Scheffer 1955 ) and body size is highly correlated with skeletal measurements in otariids (Scheffer 1950 , Scheffer & Wilke 1953 , Rosas et al. 1993 , Miller et al. 2000 . Furthermore, skeletal measurements are easily standardized and thereby measurement errors are minimized.
The present study investigates how population recovery after cessation of sealing and the development of industrial fishing have affected the size of South American sea lions in northern Patagonia. The hypothesis to be tested is the existence of an inverse correlation between somatic growth and population density because of decreasing per capita food availability.
MATERIALS AND METHODS

Sampling.
A total of 194 skulls of South American sea lions (92 males and 102 females) from the scientific collection of the Centro Nacional Patagónico (CENPAT) at Puerto Madryn, Argentina, were examined to determine size changes during the last 4 decades. All the skulls had been cleaned by dermestid beetles, then boiled to eliminate the remaining fat and flesh, washed with water and soap and finally stored dry. The skulls taken into consideration belonged to specimens that had been accidentally captured by fishermen or stranded dead along the coast of the heavily fished area off the Chubut province, in northern Patagonia ( (Giangiobbe et al. 1993 , Dato et al. 2003 from 1974 to 2007. This time window included 3 periods of contrasting availability of the principal prey (Argentine hake) for South American sea lions in the area (Koen Alonso et al. 1996 , Bertolotti et al. 2001 , Dans et al. 2003 , Lloris et al. 2003 , Koen Alonso & Yodzis 2005 (Fig. 2a,b) . The 1960s and 1970s (1960 The 1960s and 1970s ( -1980 were characterized by high hake availability, as indicated by a very large estimated hake biomass and a very small population of the South American sea lion. After the 1970s (1981 After the 1970s ( -1997 hake availability began to decline, as indicated by the trend in estimated hake biomass. The latest years (1998) (1999) (2000) (2001) (2002) were marked by a recovery of the South American sea lion population as well as the collapse of the hake fishery. Skull size is highly correlated with body size in South American sea lions (Rosas et al. 1993 ) and remains almost invariable after 7 or 8 years of age for males and 5 or 7 years of age for females (Rosas et al. 1993 , Drago et al. 2009b , Grandi et al. 2010 . Hence only skulls from adult individuals of known age were used to avoid any age-related bias. The specimens were aged by counting growth layers in the dentine of the canines (Crespo 1988 , Crespo et al. 1994 . The age of the selected individuals ranged from 8 to 19 years for males and from 7 to 20 years for females. Errors in age determination are assumed to be similar through the considered time window and thus should not bias the results significantly. Nineteen linear measurements were made on the cranium and mandible of each skull ( Fig. 3) with calipers (accuracy ± 0.1 mm) by only one person (M. Drago) to avoid inter-observer errors. These measurements were selected according to the most influential dimension variables for the 2 pinniped species considered by Amano et al. (2002) 1930 1940 1950 1960 1970 1980 1990 Year 1960 -1980 1981 -1997 1998 Table 2 ) related to the skull volume of female and male sea lions from Chubut Province in 3 contrasting periods (1960-1980; 1981-1997; 1998-2002) . For each sex, periods with different letters (males) or Roman numerals (females) differ in their mean values according to the Student-NewmanKeuls post hoc test. Sample sizes: females, n = 16, 57, 17 for the first, second and third period respectively; males, n = 15, 38, 15 for first, second and third period respectively. The year associated with each Factor I value is the median of each sampling period. Error bars: SD also measured and used to evaluate any change in the relationship between skull length (condylobasal length: CBL) and body length. SL was measured according to standard methods of the Committee on Marine Mammals (1967). Data analyses. Males and females were analyzed separately because of the marked sexual dimorphism of South American sea lions (Rosas et al. 1993 , Sanfelice & De Freitas 2008 , Drago et al. 2009b ). The stability of the CBL/SL ratio through time within each sex was tested by linear regression analysis, whereas the influence of birth year on each craniometrical variable was tested using the non-parametric Spearman's ρ correlation coefficient. Principal component analysis (PCA) was used to investigate the sources of morphological variation within each sex and to reduce the number of original variables to a few principal components. Prior to PCA the values for the original variables had been standardized, so that each variable had equal weighting and biases resulting from larger measurements dominating the smaller ones were removed. Extracted components were ordered in terms of magnitude of their variances. The non-parametric Spearman's ρ correlation coefficient was used again to test the correlation between the birth year and the factor score extracted by PCA, to investigate the time trends of different dimensional facets in the skull of adult male and female sea lions.
The birth year of each specimen was calculated by subtracting the age at death from the stranding or capture year. The year when somatic growth finished was calculated by adding 8 years to the birth year of males and 6 years to the birth year of females (Rosas et al. 1993 , Drago et al. 2009b , Grandi et al. 2010 . Each sea lion was allocated to one of the three aforementioned time periods based on its growth span. When the growth span included 2 time periods, the individual was assigned to the time period which encompassed the longest part of its growth span. The only individual whose growth span covered 2 periods equally (one of the females in the third period) was assigned to the most recent one. One-way ANOVA, followed by the Student-Newman-Keuls (SNK) post hoc test, was used to compare the principal factor score, extracted by PCA, of individuals of the same sex in the 3 considered periods.
Data are always shown as mean ± standard deviation (SD), unless otherwise stated. All statistical analyses were conducted with the SPSS 15 software package. Prior to any statistical analysis, data were tested for the assumptions of normality and homogeneity of variances by a Lilliefors test and Levene's contrast test, respectively.
RESULTS
Birth year was negatively and statistically correlated with most of the analyzed craniometrical variables of females (Table 1 ). The most remarkable exception was the length of the tympanic bulla (variable 9), which increased with the birth year. Birth year was also negatively and statistically correlated with the craniometrical variables of males related to the cranium width and height, and also to the mandible length and height (Table 1 ). The variables related to the cranium length were uncorrelated with the birth year, although 2 of them, the GPPL (variable 3) and BZRL (variable 7), were on the verge of significance (see Fig. 3 for variable abbreviations). The same was true for the MFL (variable 17), related to the mandible length (Table 1) . PCA extracted 3 components for female skulls and 2 for male skulls (Table 2) . Component I accounted for 55.6% and 64.4% of the total variance for female and male skulls respectively, and was related to the skull volume in both sexes as variables concerning the 3 spatial dimensions had a similar weight (Table 2) . Component II accounted for a further 10.0% of the total variance for female skulls and 7.6% for male skulls and was primarily affected by variables concerning skull length (Table 2) . Component III, significant only for female skulls, accounted for another further 5.4% of the total explained variance but was obscure in its interpretation.
Birth year was negatively and significantly correlated with the factor score of Component I (Factor I) in both sexes, and positively and significantly correlated with the factor score of Component II (Factor II) for females, but not for males (Fig. 4) . Birth year was uncorrelated with the factor score of Component III (Factor III) for females (n = 90, ρ = -0.089, p = 0.405). As Factor I increased with the skull volume and Factor II decreased with the skull length, these results suggest a general skull volumetric reduction in both sexes and a skull shortening in females as time passed, and confirmed the results of the statisticallysignificant correlations between birth year and analyzed craniometrical variables.
Furthermore, one-way ANOVA (females: F 2,87 = 6.207, p = 0.003; males: F 2,65 = 4.070, p = 0.022) and a SNK post hoc test conducted independently for each sex demonstrated that Factor I of both males and females decreased from the second to the third period, and that differences did not exist between the first and the second period for either sex (Fig. 2c ). Therefore in both sexes the skull volume of sea lions from the third period was significantly smaller than that of sea lions from the 2 previous periods considered here. As the CBL/SL ratio of both sexes did not change through time from 1990 to 2006 (females: p = 0.467; males: p = 0.089), a reduction in skull size is expected to be associated with a reduction in body size. 
DISCUSSION
The drastic reduction of the South American sea lion population due to commercial sealing was not the only human impact in the ecosystem off northern Patagonia through the 20th century, as in the 1970s a high sea fishery targeting Argentine hake Merluccius hubbsi was established there (Crespo et al. 1997 , Bertolotti et al. 2001 . The development of fishing has dramatically reduced the hake population (Lloris et al. 2003 , Koen Alonso & Yodzis 2005 , which, combined with the extreme reduction of the sea lion population, has led to a severe reorganization of the whole ecosystem (Koen Alonso & Yodzis 2005) . The current ecosystem state is characterized by larger populations of Magellanic penguin Spheniscus magellanicus, Argentine short-fin squid Illex argentinus and Argentine anchovy Engraulis anchoita (Carribero et al. 1995 , Koen Alonso & Yodzis 2005 , Schiavini et al. 2005 . As a consequence, some former hake predators, such as the spiny dogfish Squalus acanthias, reduced their Argentine hake consumption as the stock declined and relied on alternative prey which had increased in abundance (Koen Alonso et al. 2002) .
This reorganization of the ecosystem seems not to have prevented the recovery of the South American sea lion population in northern Patagonia, which is currently growing at an annual rate of about 6% (Dans et al. 2004) . Furthermore, there has been a shift from a benthic-based diet in the 1970s to the current pelagicbased diet with a high contribution from Argentine hake (Drago et al. 2009a) . Increased consumption of Argentine hake by the South American sea lion, at a time when the hake population has decreased, is a paradoxical result explained by 3 independent, nonexcluding mechanisms: (1) increased availability of juvenile hake due to cannibalism release, (2) increased consumption of discarded hake (from fisheries) by sea lions and (3) increased exploitation of pelagic feeding grounds due to increased intraspecific competition at benthic foraging grounds as the sea lion population has increased (Drago et al. 2009a) .
Potential pelagic prey for South American sea lions off Patagonia have a higher nutritional value than potential benthic prey (Eder & Lewis 2005 , Drago et al. 2009a ) and pups whose mothers have a primarily pelagic diet grow faster than those whose mothers have a primarily benthic diet (Drago et al. 2010a) . As a consequence, the quality of the South American sea lion diet has probably improved as a result of increased consumption of pelagic prey since the 1970s (Drago et al. 2009a ). However, the results presented here show that the largest average skull size was recorded when the South American sea lion population was at its historical minimum, and that somatic growth decreased as the hake stock declined and the South American sea lion population recovered. A similar pattern has been reported for several fur seal species, whereby somatic growth and the population size have long been known to be inversely correlated (Scheffer 1955 , Etnier 2004 , Hanson et al. 2009 ). Density dependence of somatic growth is ultimately caused by a reduction in the per capita prey abundance (Trites & Bigg 1992) . The skull reduction reported here thus indicates that the potential improvement in the diet quality caused by a shift to a more pelagic diet has not balanced the reduced per capita prey availability for South American sea lions. The per capita prey availability for South American sea lions may have decreased because of a larger population, a lower availability of the main prey target (hake) due to overfishing, or a combination of both.
South American sea lion pups grow more slowly during early lactation in bigger colonies than in smaller ones, perhaps due to a lower per capita food availability for females during this period (Drago et al. 2010b) . Colony size has increased as the population of South American sea lions in northern Patagonia has recovered (Dans et al. 2004) , thus leading to slower growth during early lactation. Under normal circumstances, it would be expected that this initial slower growth would eventually be counteracted by compensatory growth, a mechanism reported in a wide range of mammalian species, including several pinnipeds (Wilson & Osbourn 1960 , Worthy & Lavigne 1983 , Kamalzadeh et al. 1998 , Eckhardt et al. 2005 , Jeanniard du Dot et al. 2009 ). Therefore, the South American sea lion population should have been able to revert the effects of slower growth during lactation with faster post-weaning growth rates, had the availability of offshore, pelagic prey not declined. It is also important to note that skull size reduction is unlikely to be the result of a loss of genetic variability due to overexploitation, as genetic markers have revealed no population bottleneck (M. Feijoo unpubl. data). Furthermore, the observed reduction in skull size began in the 1990s, thirty years after the cessation of sealing (Crespo & Pedraza 1991 , Reyes et al. 1999 ) and concomitant to the peak in landings of hake and the decline in hake stock size (Lloris et al. 2003 , Koen Alonso & Yodzis 2005 . Given that the observed skull size reduction occurred in parallel with the population recovery, the overall evidence seems to indicate that industrial fishing has reduced the carrying capacity of the ecosystem off northern Patagonia for South American sea lions.
Skull size is highly correlated to body size in the South American sea lion (Rosas et al. 1993 ) and the CBL/SL ratio has remained invariable from 1990 to 2006. This suggests that a reduction in the skull size should have resulted in a parallel reduction in body size. Diving skills in pinnipeds are tightly linked to body size, as larger species exploit deep, benthic habitats, whereas smaller species typically behave as epipelagic predators (Gentry et al. 1986 , Kooyman 1989 , Costa 1991 , 1993 , Costa et al. 2004 . Similarly, females of some highly dimorphic species have a more pelagic diet than males throughout their life, due to their smaller body size (Le Boeuf et al. 1996 , Meynier et al. 2008 . This suggests that the foraging habits of South American sea lions off northern Patagonia may have changed since the 1970s as a result of a decrease in body size.
Stable isotope data indicate that both sexes have become more pelagic since the 1970s (Drago et al. 2009a) , in agreement with the foraging behaviour expected from a smaller body mass. The observed increase in length of the tympanic bulla in females might also be related to a higher reliance on pelagic prey in a turbid area such as northern Patagonia. This is because a larger tympanic bulla is thought to improve the underwater hearing capacity of pinnipeds, and larger bullae are expected in species consuming pelagic fish in turbid water (Hyvärinen & Nieminen 1990) .
However, the stable isotope data are also consistent with increased use of offshore prey due to the depletion of coastal resources caused by a larger sea lion population and increased discarding of undersized pelagic fish by the commercial fishery. Stable isotope data also indicate that the current diet of South American sea lions is approaching that consumed before the collapse of the population, and that dietary differences between adult males and females are vanishing (Drago et al. 2009a) , which would increase intraspecific competition. Males are probably less affected than females by intraspecific competition because a larger body mass allows them to dive deeper and stay longer under water. This may explain why the reduction in skull size was less intense in males than in females, although it is unclear why the reduction affected skull width and height but not length. Whatever the reason, in this scenario of reduced carrying capacity due to competition with industrial fishing, the growth rate of the South American sea lion population in northern Patagonia is expected to decrease in the near future, unless the hake stock rebuilds. 
